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SUMMARY 

A paramet r ic  experimental  wind-tunnel i n v e s t i g a t i o n  h a s  been made a t  
supersonic  Mach' numbers t o  provide  d e s i g n  data on a ram-air-spoi ler  roll-
c o n t r o l  device  t h a t  is t o  be used on forward-control  cruciform missile 
c o n f i g u r a t i o n s .  
The r e s u l t s  i n d i c a t e  t h a t  t h e  ram-air-spoi ler  t a i l  f i n  is an e f f e c t i v e  
r o l l - c o n t r o l  device  and t h a t  r o l l  c o n t r o l  is  g e n e r a l l y  c o n s t a n t  wi th  v e h i c l e  
a t t i t u d e  and Mach number u n l e s s  d i rec t  canard and/or  forebody shock impingement 
occurs .  The a d d i t i o n  o f  t h e  ram-air-spoi ler  t a i l  f i n s  r e s u l t e d  i n  o n l y  small 
changes i n  aerodynamic-center l o c a t i o n .  For  t h e  ram-air-spoi ler  configura­
t i o n s  tes ted,  there are l a r g e  a x i a l - f o r c e  c o e f f i c i e n t  effects associated w i t h  
t h e  increased f i n  t h i c k n e s s  and ram-air momentum l o s s .  
I N T R O D U C T I O N  
It is  wel l  documented t h a t  missile c o n f i g u r a t i o n s  which u t i l i z e  forward 
s u r f a c e s  t o  provide c o n t r o l  exper ience  t h e  problem of induced r o l l i n g  moments 
a t  supersonic  Mach numbers. (See refs.  1 t o  3 . )  The data from some of t h e s e  
c o n f i g u r a t i o n s  tend t o  i n d i c a t e  t h a t  t h e  problem i s  a s s o c i a t e d  w i t h  a n  i n t e r ­
f e r e n c e  e f fec t  of t h e  deflected forward s u r f a c e  on one o r  more of t h e  t r a i l i n g  
f i n s .  For these forward-control  c o n f i g u r a t i o n s ,  i t  i s  necessary  e i t h e r  t o  
reduce o r  e l i m i n a t e  t h e  induced r o l l i n g  moments o r  t o  provide an e f f i c i e n t  sys­
t e m  f o r  t h e i r  c o n t r o l .  
One of s e v e r a l  approaches t o  t h e  s o l u t i o n  of t h e s e  problems has been s tud­
i e d  and t h e  p r e l i m i n a r y  aerodynamic r e s u l t s  are  encouraging. The approach, 
which is  descr ibed  i n  r e f e r e n c e  4, u s e s  a ram-air-spoi ler  r o l l - c o n t r o l  d e v i c e  
on a t y p i c a l  canard-cont ro l led  missile c o n f i g u r a t i o n  t o  compensate f o r  t h e  
unwanted induced r o l l i n g  moments. The ram-air-spoi ler  concept evolved from 
ea r l i e r  r e s e a r c h  of  aerodynamic c o n t r o l  devices  with low a c t u a t o r  to rque  
requirements;  t h i s  work was performed by NASA and i t s  predecessor ,  NACA. (See 
refs .  5 t o  8 . )  I n  a d d i t i o n ,  t h e  f e a s i b i l i t y  o f  i n t e r f a c i n g  a ram-air-spoi ler  
system w i t h  an a l l  f l u i d i c - l o g i c  r o l l - c o n t r o l  system has been i n v e s t i g a t e d .  
(See refs. 9 and 10.1 
A pre l iminary  s t u d y  has  i n d i c a t e d  t h a t  t h e  ram-air-spoi ler  r o l l - c o n t r o l  
device  is  a feasible aerodynamic concept  f o r  provid ing  roll s t a b i l i z a t i o n  on 
a canard-control led missile. (See re f .  11.) I n  o r d e r  t o  expand t h e  technology 
base of t h e  p r e l i m i n a r y  s t u d y  and t o  provide  t h e  comprehensive aerodynamic data 
base r e q u i r e d  t o  c o n f i d e n t l y  assess t h e  merits of ram-air-spoi ler  systems,  a 
p a r a m e t r i c  exper imenta l  wind-tunnel i n v e s t i g a t i o n  has been conducted. The pur­
pose of t h i s  paper is t o  p r e s e n t  t h e  r e s u l t s  of tha t  i n v e s t i g a t i o n .  A summary 
o f  t h e  s i g n i f i c a n t  f i n d i n g s  can be found i n  r e f e r e n c e  12. The s t u d y  inc luded  
model c o n f i g u r a t i o n s  which r e p r e s e n t e d  t h e  ram-air-spoi ler  devices  o p e r a t i n g  
on a t y p i c a l  canard-cont ro l led  missile st z e r o  and maxjmum r o l l  c o n t r o l ,  
L-12518 

as w e l l  as a comparison wi th  convent iona l  a i l e r o n  c o n t r o l s  a l l  a t  v a r i o u s  m i s ­
s i l e  maneuvering a t t i t u d e s  and Mach numbers. 
The tests were conducted i n  t h e  Langley Un i t a ry  P lan  wind t u n n e l  a t  Mach 
numbers from 1.60 t o  4.63. The nominal angle-of -a t tack  range  was from -2O 
t o  280 a t  model roll a n g l e s  of  Oo,  22.5O, and 45O f o r  a Reynolds number of 
6.6 x 106 p e r  meter (2.0 x lo6 p e r  f o o t ) .  
SYMBOLS AND ABBREVIATIONS 
The aerodynamic c o e f f i c i e n t  data are referred t o  t h e  body a x i s  system 
except  f o r  l i f t  and drag which are referred t o  t h e  s t a b i l i t y  a x i s  system. The 
moment r e f e r e n c e  was l o c a t e d  a f t  of the  nose t i p  a t  48.9 pe rcen t  of t h e  body 
l e n g t h .  
Measurements and c a l c u l a t i o n s  were made i n  the  U.S. Customary Un i t s .  
Measurements are p resen ted  i n  t h e  I n t e r n a t i o n a l  System of  Un i t s  (SI) ,  wf th  t h e  
e q u i v a l e n t  va lues  g iven  p a r e n t h e t i c a l l y  i n  U . S .  Customary Un i t s .  (See ref. 13.) 
A r e f e r e n c e  area, maximum c r o s s - s e c t i o n a l  area o f  model body, 
0.004560 m2 (0.049087 f t2)  
A e  t o t a l  j e t - e x i t  s l o t  area of  one ram-a i r - spoi le r  t a i l  f i n ,  m2 (ft.2) 
A i  c r o s s - s e c t i o n a l  area of one ram-a i r - spoi le r  i n l e t ,  m2 ( f t 2 )  
Axia l  f o r c e  
CA a x i a l - f o r c e  c o e f f i c i e n t ,  
qA 
cA,c balance-chamber a x i a l - f o r c e  c o e f f i c i e n t ,  
Chamber a x i a l  f o r c e  
-
qA 
Drag 
CD drag c o e f f i c i e n t ,  ­
q A  
cD,c balance-chamber drag c o e f f i c i e n t ,  C A , ~cos  o! 
L i f t  
CL l i f t  c o e f f i c i e n t ,  -
Rol l ing  moment 
C l  rolling-moment c o e f f i c i e n t ,  
qAd 
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P i t c h i n g  moment 
Cm pitching-moment c o e f f i c i e n t ,  
qA 1 
Normal f o r c e  
CN 
Cn 
CY 
d 
L.E. 
2 
M 
P t , 2  

P 

q 

Sa/Sexp 
T.E. 
t / c  
X a d l  
a 

normal-force c o e f f i c i e n t ,  
qA 
Yawing moment 
yawing-moment c o e f f i c i e n t ,  
qAd 
S i d e  f o r c e  
s ide - fo rce  c o e f f i c i e n t ,  
qA 
r e f e r e n c e  diameter, 7.620 c m  (3.000 i n . )  
l e a d i n g  edge 
r e f e r e n c e  body l e n g t h ,  91.973 cm (36.210 i n . )  
free-stream Mach number 
t o t a l  p r e s s u r e  behind normal shock, P a  ( p s f a )  
free-stream s t a t i c  p r e s s u r e ,  Pa ( p s f a )  
free-stream dynamic p r e s s u r e ,  Pa ( p s f a )  
r a t i o  of t a i l - f i n  a i l e r o n  area t o  t o t a l  exposed planform t a i l - f i n  
area f o r  one s u r f a c e  
t r a i l i n g  edge 
t a i l - f i n  t h i c k n e s s  r a t i o  a t  r o o t  chord 
aerodynamic-center l o c a t i o n  as f r a c t i o n  of model l e n g t h ,  measured 
from nose t i p  
a n g l e  of a t t a c k ,  deg 
streamwise a n g l e  between c e n t e r  l i n e  of  j e t - e x i t  s l o t  and t a i l - f i n  
s u r f a c e ,  deg (see f i g .  l ( b ) )  
incrementa l  rolling-moment c o e f f i c i e n t  due t o  c o n t r o l s  
r o l l - c o n t r o l  d e f l e c t i o n  of f o u r  t a i l - f i n  a i l e r o n s ;  p o s i t i v e  t o  provide  
clockwise r o t a t i o n  as viewed from rear, deg 
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6 yaw yaw-control d e f l e c t i o n  o f  cana rds ;  p o s i t i v e  f o r  l e a d i n g  edge r i g h t  
as viewed from rear; v e r t i c a l  canards  d e f l e c t e d  f o r  @ = Oo, deg 
model roll ang le ;  p o s i t i v e  f o r  c lockwise  r o l l  a n g l e  when viewed 
from rear; f o r  @ = Oo, canards  and t a i l s  are i n  v e r t i c a l  and 
h o r i z o n t a l  p l anes ,  deg 
APPARATUS AND TESTS 
Wind Tunnel 
Tests were conducted i n  both  t h e  low and h igh  Mach number t e s t  s e c t i o n s  of 
t h e  Langley Un i t a ry  P lan  wind t u n n e l ,  which is  a v a r i a b l e - p r e s s u r e ,  continuous-
flow tunne l .  The test  s e c t i o n s  are approximately 2.13 m ( 7  f t )  long  and 1.22 m 
(4 f t )  square .  The nozz le s  l e a d i n g  t o  t h e  t es t  s e c t i o n s  are of  t he  asymmetric 
s l id ing-b lock  type ,  which permi ts  continuous v a r i a t i o n s  i n  Mach number from 
about 1.5 t o  2.9 i n  t h e  low Mach number t e s t  s e c t i o n  and from about 2.3 t o  4.7 
i n  t he  h i g h  Mach number t e s t  s e c t i o n .  (See r e f .  14 . )  
Model Concept 
To simulate t h e  concept of an o p e r a t i n g  c o n t r o l  system, t h e  ram-a i r - spoi le r  
t a i l  f i n s  opera ted  i n  t h e  fo l lowing  manner. Free-stream a i r  is  directed i n t o  
each t a i l - f i n  plenum by a tip-mounted normal-shock i n l e t  and is expe l l ed  through 
s l o t s  on one s ide  on ly  nea r  the  t r a i l i n g  edge o f  t h e  f i n  i n  a d i r e c t i o n  normal 
t o  t he  s u r f a c e .  The e x p e l l i n g  a i r  produces a j e t  normal f o r c e  t h a t  i n t e r a c t s  
s t r o n g l y  w i t h  t h e  l o c a l  stream flow and r e s u l t s  i n  a t o t a l  f o r c e  ( r e a c t i o n )  
t h a t ,  a t  supe r son ic  speeds ,  is  s e v e r a l  times larger  than  t h e  pure r e a c t i o n  f o r c e  
of the j e t .  The aerodynamic j e t  i n t e r a c t i o n  is p h y s i c a l l y  similar t o  a ramp-
wedge or step-induced t u r b u l e n t  boundary-layer s e p a r a t i o n  on a f l a t  p l a t e  a t  
supe r son ic  speeds .  For the  p r e s e n t  i n v e s t i g a t i o n ,  t h e  ram-a i r - spoi le r  t a i l  f i n s  
were used on ly  f o r  roll c o n t r o l .  
Details of t h e  model are shown i n  f i g u r e  1. To e v a l u a t e  t h e  ram-air 
s p o i l e r  as a r o l l - c o n t r o l  system, a gene ra l  research missile model was chosen 
as t h e  basic v e h i c l e  ( f i g .  l ( a ) ) .  T h i s  model is a cruc i form missile configu­
r a t i o n  t h a t  c o n s i s t s  of a c y l i n d r i c a l  body with a modified og ive  nose, cana rds ,  
and a f t  t a i l  f i n s  mounted i n  l i n e .  The canards  and p l a i n  t a i l  f i n s  have t r ape ­
z o i d a l  planforms w i t h  beveled l ead ing - and t r a i l i n g - e d g e  a i r f o i l  s e c t i o n s .  For  
t h e  major p o r t i o n  of these tes ts ,  t h e  model had f o u r  ram-a isyspoi le r  t a i l  f i n s  
w i t h  g e n e r a l l y  t he  same planform geometry but  wi th  d i f f e r e n t  t h i c k n e s s  r a t i o s  
t / c  than t h e  p l a i n  t a i l  f i n s .  Model photographs are p resen ted  i n  f i g u r e  2. 
The ram-a i r - spoi le r  t a i l  f i n s  had n a c e l l e s  mounted on t h e  t i p  chord wi th  
s imple  normal-shock i n l e t s  and removable n a c e l l e  e x i t  p lugs .  The most s i g n i f ­
i c a n t  parameter of t h i s  i n v e s t i g a t i o n  was i n l e t  s i z e .  Three i n l e t  areas 
( A i / A  = 0.028, 0.063, and 0.111) were tes ted t o  provide  v a r i a t i o n s  i n  mass 
flow ( f ig .  l ( b ) ) .  With i n c r e a s e s  i n  i n l e t  d i ame te r s ,  cor responding  i n c r e a s e s  
4 

.-&=&..?a 
i n  f i n  t h i c k n e s s  r a t i o s  t /c  were necessa ry  t o  make t h e  plenum en t r ance  as 
large as p o s s i b l e  i n  o r d e r  to  p reven t  i n t e r n a l  flow r e s t r i c t i o n s  (choked flow).  
S e v e r a l  r a t i o s  of e x i t  area t o  i n l e t  area ( A e / A i  = 0.50, 0.75, and 0.90) were 
i n v e s t i g a t e d  t o  produce p o s i t i v e  r o l l i n g  moment, w i t h  each ram-a i r - spoi le r  
t a i l - f i n  c o n f i g u r a t i o n  having plugged n a c e l l e  exi ts .  (See fig.  l ( b )  and 
tables I and 11.1 For  each c o n f i g u r a t i o n ,  these r a t i o s  were ob ta ined  from an 
a r b i t r a r y  s e l e c t i o n  of d i f f e r e n t  e x i t  areas (by us ing  in t e rchangeab le  s l o t t e d  
cover p l a t e s )  combined wi th  a c o n s t a n t  i n l e t  c r o s s - s e c t i o n a l  area. For t h e  
m a j o r i t y  of  these tests, the  plenum j e t - e x i t  s l o t  a n g l e  was normal t o  t h e  f i n  
s u r f a c e  (e.g., 6 - = goo) ;  however, a l i m i t e d  amount of t e s t i n g  was done on t h e  
A i / A  = 0.028 cond igura t ion  w i t h  t h e  s l o t  a n g l e  i n c l i n e d  forward (63 = 500) .  
Flow-through n a c e l l e  c o n f i g u r a t i o n s  were obta ined  by removing t h e  n a c e l l e  e x i t  
p lugs  and s u b s t i t u t i n g  cover  p l a t e s  f o r  s l o t t e d  e x i t  p l a t e s  on t h e  ram-air­
s p o i l e r  t a i l  f i n s .  
The tests were conducted i n  t h e  fo l lowing  sequence. To s i m u l a t e  an  oper­
a t i n g  ram-a i r - spoi le r  system with closed c o n t r o l  va lves ,  ram-a i r - spoi le r  t a i l  
f i n s  w i t h  three i n l e t  diameters were i n v e s t i g a t e d .  Each of these c o n f i g u r a t i o n s  
had plugged n a c e l l e  e x i t s  and u t i l i z e d  the  most e f f e c t i v e  r o l l - c o n t r o l  area 
r a t i o s  from r e f e r e n c e  11 and unpublished data. The flow-through n a c e l l e  conf ig­
u r a t i o n  s imula ted  the  nonopera t ing  ram-a i r - spoi le r  c o n t r o l  wi th  an open c o n t r o l  
va lve .  For r o l l - c o n t r o l  comparisons, p l a i n  t a i l  f i n s  were tested w i t h  conven­
t i o n a l  t r a i l i n g - e d g e  a i l e r o n s .  (See f ig .  l(c) and table  I.) The a i l e r o n  s i z e  
was chosen t o  be approximate ly  t h e  same f i n  area as would nominally be a f f e c t e d  
by s p o i l e r  a c t i o n  of t he  ram-a i r - spoi le r  c o n f i g u r a t i o n s  (Sa/Sexp = 0.11). Arbi­
t r a r y  d e f l e c t i o n  a n g l e s  of Oo and loo were made on each o f  t h e  fou r  f i n s  t o  
provide  p o s i t i v e  r o l l i n g  moments for a l l  comparisons made i n  t h e  c u r r e n t  s tudy .  
T e s t  Conditions 
Tests were performed a t  t he  fo l lowing  tunne l  cond i t ions :  
Mach 
S t a g n a t i o n
temper a tu re  
S tagna t ion  
p r e s s u r e  Reynolds number 
number 
K OF kPa p s f a  p e r  meter p e r  f o o t  
1.60 339 54.6 1141 6.6 x 106 2.0 x 106 
1.80 339 150 58.5 1221 6.6 2.0 
2.16 339 150 68.5 1430 6.6 2.0 
2.96 339 150 103.9 2169 6.6 2.0 
4.63 353 175 252.6 5275 6.6 2.0 
-.___ ___ 
The dewpoint tempera ture  measured a t  s t a g n a t i o n  p r e s s u r e  was main ta ined  
below 239 K (-3OO F) t o  assure n e g l i g i b l e  condensa t ion  effects. A l l  tests were 
performed wi th  boundary-layer t r a n s i t i o n  s t r i p s  measured streamwise on the  out­
s i d e  of  t he  n a c e l l e  i n l e t s  and on both  s i d e s  of  t h e  canard  and t a i l  f i n  s u r ­
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faces and placed on the body 3.05 cm (1.20 in.) aft of the nose and 1.02 cm 
(0.40 in.) aft of the leading edges. The transition strips were approximately
0.157 cm (0.062 in.) wide and were composed of No. 50 sand grains sprinkled in 
acrylic plastic for the tests at M = 1.60 to M = 2.16. For the tests at 
higher Mach numbers, transition strips were composed of individual grains of 
No. 40 sand with a nominal height of 0.046 cm (0.018 in.) and were spaced about 
0.184 cm (0.072 in.) between centers measured perpendicular to the airstream. 
(See ref. 15.) The model was tested over an angle-of-attack range from -20 
to 280 for roll angles of Oo, 22.5O, and 45O. 
Measurements and Corrections 

Aerodynamic forces and moments on the model were measured by means of a 

six-component electrical strain-gage balance which was housed within the model. 

The balance was attached to a sting which was, in turn, rigidly fastened to the 

model support system. Balance-chamber pressure was measured by means of a sin­

gle static-pressure orifice located in the vicinity of the balance. 

The angles of attack have been corrected for deflection of the balance and 
sting due to aerodynamic loads and tunnel-flow misalignment. The drag and 
axial-force coefficients have been adjusted to correspond to free-stream static 
pressure acting over the base of the model. Typical measured values of chamber 
axial-force and drag coefficients for the Ai/A = 0.063 and plain tail-fin con­
figurations are presented in figure 3. 
PRESENTATION OF RESULTS 

Figure

Effect of ratio of plenum exit area to inlet area for roll control 
or lateral aerodynamic characteristics of model with ram-air­
spoiler tail fins for Ai/A = 0.028 at -
Q = O O  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4 
Q =22.5O . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5 
Q = 4 5 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6. 
Effect of ratio of plenum exit area to inlet area for roll control 
on lateral aerodynamic characteristics of model with ram-air­
spoiler tail fins for Ai/A = 0.063 at ­
+ = o o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 
Q=22.50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  8 
Q = 450 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  9 
Effect of ratio of plenum exit area to inlet area for roll control 
on lateral aerodynamic characteristics of model with ram-air­
spoiler tail fins for Ai/A = 0.111 at -
Q = O O  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  10 
Q =22.50 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  !I 
Q = 4 5 0  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  12 
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Figure 
Effect of four plain tail-fin ailerons on lateral aerodynamic
characteristics of model at -
@ Z O O  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 
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The e f f e c t  of A e / A i  f o r  r o l l  cont ro l  on the  la teral  aerodynamic char­
a c t e r i s t i c s  of the  model w i t h  each ram-air-spoiler t a i l - f i n  configurat ion 
tested a t  r o l l  angles  of Oo, 22.5O, and 45O is presented i n  figures 4 t o  12. 
I n  general ,  w i t h  increases  i n  the  r a t i o  of e x i t  area t o  i n l e t  area f o r  each 
ram-air-spoiler configurat ion ( A i / A ) ,  there are increases  i n  rolling-moment 
coe f f i c i en t s .  These c o e f f i c i e n t s  are usua l ly  accompanied by pos i t i ve  yawing-
moment c o e f f i c i e n t s  tha t  increased i n  magnitude wi th  increases  i n  A i / A  and 
Mach number. Figures 13 t o  15 present  t h e  effect of four  p l a i n  t a i l - f i n  aile­
rons on the  lateral  aerodynamic c h a r a c t e r i s t i c s  of t he  model. 
To present  a more meaningful composite summary f o r  evaluat ion of t h e  
ram-air-spoiler ro l l -cont ro l  c h a r a c t e r i s t i c s ,  summary cross  p l o t s  were made 
from data presented i n  figures 4 t o  15. Incremental r o l l  values ACz were 
obtained by sub t r ac t ing  from the  t o t a l  rolling-moment coe f f i c i en t  of each 
configurat ion the  rolling-moment c o e f f i c i e n t s  of t h e i r  respec t ive  base l ine  
configurat ions (e.g., Oo ai leron-deflected data f o r  the  p l a i n  f i n  o r  flow-
through nace l l e  data f o r  t h e  ram-air s p o i l e r ) .  These summary data cross-
p l o t  f i gu res  are presented and discussed i n  t h e  following paragraphs. 
The e f f e c t  of i n l e t  and plenum e x i t  s i z e  on t h e  r o l l  con t ro l  of t he  ram­
a i r - spo i l e r  t a i l  f i n s  f o r  a = 00 is presented i n  figure 16. The ram-air­
s p o i l e r  t a i l  f i n s  are e f f e c t i v e  roll-producing devices  f o r  any of the  r a t i o s  of 
e x i t  area t o  i n l e t  a r ea  t e s t ed .  For a constant  i n l e t  s i z e  ( A i / A ) ,  r o l l  cont ro l  
increases  wi th  ex i t - to - in l e t  a r e a  r a t i o  and ob ta ins  a maximum test  value a t  
Ae,/Ai  = 0.90. Figure 16 a l s o  ind ica t e s  t h a t  fo r  a given r a t i o  of e x i t  area t o  
i n l e t  area, the  rolling-moment coe f f i c i en t  produced by t h e  ram-air s p o i l e r  i s  
general ly  proport ional  t o  the i n l e t  area o r  t he  mass flow of t h e  s p o i l e r  jet .  
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A summary of  t h e  effects of  ang le  of attack on the  ram-air-spoi ler  
r o l l - c o n t r o l  characterist ics is  presented  i n  f i g u r e  17. Each ram-air-spoi ler  
t a i l - f i n  conf igu ra t ion  i s  presented  a t  4 = Oo and 45O w i t h  i ts  most e f f e c t i v e  
r a t i o  of e x i t  area t o  i n l e t  area ( A e / A i  = 0.90) f o r  r o l l  c o n t r o l .  I n  a d d i t i o n ,  
t h e  r o l l  c o n t r o l  of four  p l a i n  t a i l  f i n s  having 11-percent-area-rat io  a i l e r o n s  
with an a r b i t r a r y  d e f l e c t i o n  o f  IOo is shown t o  r e p r e s e n t  t y p i c a l  convent iona l  
r o l l  control. on a canard-cont ro l led  missile. I n  gene ra l ,  the  ram-air-spoi ler  
conf igu ra t ions  produced more rolling-moment c o e f f i c i e n t  than  the  a i l e r o n  system 
except  a t  M = 1.60. The roll c o n t r o l  of  t h e  ram-air s p o i l e r s  is e s s e n t i a l l y  
cons tan t  both f o r  model roll a t t i t u d e s  o f  Oo and 45O and over  the  angle-of­
attack range up t o  about 12O. The angle-of-at tack range f o r  M = 1.60 was 
reduced t o  prevent  model forebody shock r e f l e c t i o n s  o f f  t he  tunne l  w a l l  from 
impinging on the  ram-air-spoi ler  t a i l  f i n s .  A t  t h e  h ighe r  Mach numbers, some 
gradual  l o s s  i n  rolling-moment c a p a b i l i t y  would be expected wi th  ang le  of  attack 
a t  t he  higher  a t t i t u d e s  as i n l e t  mass flow reduces;  however, sharp  l o c a l  l o s s e s  
may be produced when the  forebody shock f r o n t  passes  over  the  lower i n l e t s .  
Such a loss  may be seen  i n  f igure 17(c)  w i t h  t h e  model a t  20° ang le  o f  attack 
when s t r o n g  forebody shocks (a coalescence of t h e  canard and nose shocks)  pass 
over  both lower i n l e t s  a t  a model roll ang le  o f  4 5 O .  While s c h l i e r e n  photo­
graphs po r t r ay ing  t h e  4 5 O  roll case are not a v a i l a b l e ,  some i n s i g h t  i n t o  t h e  
i n t e r f e r e n c e  phenomena may be gained from s c h l i e r e n  photographs of  t h e  model 
a t  0 = Oo.  These photographs are presented  as f i g u r e  35 and show f low-f ie ld  
effects  on t h e  model when t h e  A i / A  0.063 ram-air-spoi ler  t a i l - f i n  config­
u r a t i o n  is ope ra t ing  ( A e / A i  = 0.90)  and when i t  is not  (flow-through n a c e l l e ) .  
It is  evident  t h a t  s t r o n g  forebody shocks pas s  over  t h e  lower ram-air-spoi ler  
i n l e t  a t  the  higher ang le s  of at tack, and shock impingement effects  a long  w i t h  
mass-flow l o s s e s  r e s u l t  i n  t he  r educ t ions  i n  ACz t h a t  are shown i n  f ig­
ure  17(c)  f o r  @ = Oo. The des igner  should be aware of these f low-field 
effects.  
I n  gene ra l ,  the  c o n t r o l  e f f e c t i v e n e s s  of any convent ional  aerodynamic con­
t r o l  su r f ace  reduces i n  t he  supersonic  speed range as Mach number i n c r e a s e s .  
The effect  of  Mach number on t h e  z e r o - l i f t  (a = 00) r o l l - c o n t r o l  characterist ics 
of  t h e  p l a i n  t a i l  f i n s  w i t h  convent ional  a i l e r o n s  and ram-air-spoi ler  t a i l  f i n s  
is shown i n  f i g u r e  18. The roll control. of  t h e  a i l e r o n  is  about  t h e  same as 
t h a t  of t h e  ram-air s p o i l e r  w i t h  t h e  small i n l e t  ( A i / A  = 0.028) a t  M = 1.60 
b u t ,  as expected,  decreases r a p i d l y  w i t h  i n c r e a s e s  i n  Mach number. I n  gene ra l ,  
t h e r e  i s  a small decrease i n  r o l l  c o n t r o l  a t  t h e  lower Mach numbers f o r  t h e  
ram-air s p o i l e r s  w i t h  t he  larger i n l e t s ,  but  i n c r e a s e s  i n  Mach number lead t o  
e s s e n t i a l l y  cons t an t  c o n t r o l  l e v e l s  f o r  each o f  t h e  conf igu ra t ions .  
To demonstrate t he  p o t e n t i a l  c a p a b i l i t y  of t h e  ram-air-spoi ler  roll con­
t r o l  t o  nega te  adverse  induced r o l l i n g  moments on the  model, a loo canard yaw-
c o n t r o l  d e f l e c t i o n  was used i n  conjunct ion wi th  an ope ra t ing  and nonoperat ing 
ram-air s p o i l e r .  F igure  19 p r e s e n t s  t h e  effect  of ram-air-spoi ler  roll c o n t r o l  
on the  la teral  aerodynamic characteristics of t he  model wi th  yaw c o n t r o l .  The 
ram-air-spoi ler  t a i l  f i n s  are e f f e c t i v e  i n  producing rolling-moment c o e f f i c i e n t s  
i n  the presence of adverse  flow f ie lds  generated by canard d e f l e c t i o n s .  
i he  effect of  plenum j e t - e x i t  s l o t  ang le  on t h e  la teral  and l o n g i t u d i n a l  
aerodynamic characterist ics of t h e  model wi th  t h e  A i / A  = 0.028 ram-air-spoi ler  
t a i l  f i n s  a t  I$ = 00, 22.50, and 450 is presented  i n  f i g u r e s  20 t o  24. There 
9 
is a small inc rease  i n  rolling-moment c o e f f i c i e n t  and ax ia l - fo rce  c o e f f i ­
c i e n t  when t h e  j e t - e x i t  s l o t  ang le  is  i n c l i n e d  forward. (See a l s o  ref. 16.) 
I n c l i n i n g  the  je t -exi t  s l o t  ang le  forward has a f avorab le  effect on the  jet-
i n t e r a c t i o n  flow f i e ld  by separating t h e  boundary l a y e r  a t  a more forward 
l o c a t i o n  on the  f i n  surface. An optimized j e t  a n g l e  determined by a trade-
o f f  between the  increments  of r o l l i n g  moment and ax ia l - fo rce  c o e f f i c i e n t  could 
r e s u l t  i n  a more e f f i c i e n t  ram-air-spoi ler  system. 
The effect  of i n l e t  size and f i n  th i ckness  on t h e  l o n g i t u d i n a l  aerody­
namic characterist ics of  the  model with p l a i n  and nonoperat ing ram-air-spoi ler  
t a i l  f i n s  (flow-through n a c e l l e s )  is presented  i n  f i g u r e s  25 and 26 f o r  
4) = Oo and 4 5 O ,  r e s p e c t i v e l y .  There is  a small i n c r e a s e  i n  s t a b i l i t y  l e v e l  
and l i f t - c u r v e  s lope  which is accompanied by large i n c r e a s e s  i n  a x i a l - f o r c e  
c o e f f i c i e n t  t h a t  occur wi th  i n c r e a s e s  i n  i n l e t  s i z e  and f i n  th ickness .  
The effect  of the r a t i o  of plenum e x i t  area t o  i n l e t  area f o r  r o l l  c o n t r o l  
on t h e  l o n g i t u d i n a l  aerodynamic c h a r a c t e r i s t i c s  o f  t h e  model w i t h  each o f  the  
ram-air-spoi ler  t a i l - f i n  conf igu ra t ions  tested a t  4) = Oo and 45O is  presented
i n  f igures  27 t o  32. I n  gene ra l ,  f o r  each A i / A  ram-air-spoi ler  conf igu ra t ion  
there is  l i t t l e  d i f f e r e n c e  between t h e  l o n g i t u d i n a l  aerodynamic characterist ics 
of  the nonoperat ing (flow-through n a c e l l e )  and t h e  o p e r a t i n g  ram-air s p o i l e r  
except  f o r  an i n c r e a s e  i n  ax ia l - fo rce  c o e f f i c i e n t .  Comparisons o f  A e / A i  f o r  
each ope ra t ing  ram-air-spoi ler  conf igura t ion  ( A i / A )  i n d i c a t e  only  n e g l i g i b l e  
d i f f e r e n c e s  i n  t o t a l  ax ia l - fo rce  c o e f f i c i e n t s .  However, wi th  i n c r e a s e s  i n  
A i / A ,  a s i g n i f i c a n t  i n c r e a s e  i n  ax ia l - force  c o e f f i c i e n t ,  accompanied by a small 
decrease i n  l i f t - c u r v e  s lope  a t  the  h igher  ang le s  of  attack, is ind ica t ed  f o r  
t he  ope ra t ing  ram-air-spoi ler  conf igu ra t ions .  
F igures  33 and 34 p resen t  a summary comparison of t he  t o t a l  ax ia l - fo rce  
c o e f f i c i e n t s  and aerodynamic-center l o c a t i o n s  f o r  each ram-air-spoi ler  and p l a i n  
t a i l - f i n  conf igu ra t ion  w i t h  and without r o l l  c o n t r o l .  The s o l i d  symbols i n  fig­
u r e  33 ( A i / A  = 0 )  i n d i c a t e  t h e  p l a i n  f i n s  w i t h  a i l e r o n  c o n t r o l s  a t  Oo and loo. 
A s  t h e  ram-air-spoi ler  i n l e t  s i z e  inc reases ,  t h e  wetted area and f i n  th i ckness  
inc rease ;  t h i s  tends  t o  s h i f t  t h e  aerodynamic c e n t e r  a f t .  The large i n c r e a s e  
i n  ax ia l - fo rce  c o e f f i c i e n t  f o r  the  flow-through n a c e l l e  is a direct  r e s u l t  of 
f i n  th i ckness ,  an i n c r e a s e  i n  leading-edge b lun tness ,  and cowling geometry. 
The ax ia l - fo rce  c o e f f i c i e n t  increment between the  flow-through and ope ra t ing  
curves i s  due t o  t h e  ram-air momentum loss i n  t h e  inlet-duct-plenum manifolds.  
The dashed l i n e  i n  f i g u r e  33 shows t h a t  t h i s  increment can be a c c u r a t e l y  esti­
mated by us ing  free-stream tunnel  cond i t ions  and apply ing  t h e  t o t a l  p re s su re
behind the  normal shock t o  t h e  i n l e t  area accord ing  t o  t h e  fo l lowing  equat ion:  
T h i s  equat ion  gene ra l ly  holds  t r u e  except  f o r  t h e  A i / A  = 0.111 conf igu ra t ion  
(t/c = 0.11) a t  the  lower Mach numbers where t h e  t a i l - f i n  l ead ing  edges are 
subsonic  with s t andof f  shocks.  There is a decrease i n  ax ia l - fo rce  c o e f f i c i e n t  
w i t h  Mach number f o r  the  ram-air s p o i l e r  and f o r  p l a i n  t a i l  f i n s  w i t h  and with­
out  r o l l  c o n t r o l  ( f ig .  3 4 ) .  A very small forward s h i f t  i n  aerodynamic c e n t e r  
a t  the  lower Mach numbers can a l s o  be seen.  
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The large a x i a l - f o r c e  p e n a l t y  a s s o c i a t e d  w i t h  t h e  ram-air s p o i l e r  could 
be a s e r i o u s  d e f i c i e n c y  when compared w i t h  the  a x i a l  f o r c e  a s s o c i a t e d  w i t h  an  
a i l e r o n .  For example, t h e  ram-air s p o i l e r  w i t h  A i / A  = 0.028 produced about  
t he  same r o l l  c o n t r o l  a t  M = 1.60 as t h e  a i l e r o n  (shown i n  f i g .  18) b u t  
had a 36-percent i n c r e a s e  i n  a x i a l - f o r c e  c o e f f i c i e n t ,  o f  which 16 pe rcen t  i s  
a t t r i b u t e d  j u s t  t o  t he  flow-through n a c e l l e  (nonopera t ing  c o n d i t i o n ) .  For a 
missile system where a x i a l  f o r c e  i s  of pr ime importance ( l o n g e r  r a n g e ) ,  t h e  
advantages  of lower a c t u a t o r  t o r q u e  requi rements  and bet ter  r o l l  c o n t r o l  a t  
h ighe r  numbers might n o t  o f f s e t  t h e  a x i a l - f o r c e  p e n a l t y  of  t h e  ram-air s p o i l e r .  
However, f o r  shor t - range  a p p l i c a t i o n s ,  which are g e n e r a l l y  t h r u s t  dominated, 
a x i a l  f o r c e  i s  u s u a l l y  o f  secondary importance compared w i t h  o t h e r  c o n t r o l  
c h a r a c t e r i s t i c s .  
For long-range a p p l i c a t i o n s  a t  a cruise Mach number, matched i n l e t  des ign  
could be ob ta ined  f o r  t he  ram-air s p o i l e r  by us ing  o b l i q u e  l i p  o r  sp iked  i n l e t s  
t o  improve t o t a l  p r e s s u r e  recovery  and t o  reduce a x i a l  f o r c e  a t  t h e  higher  Mach 
numbers. Ca re fu l  a t t e n t i o n  must be g iven  t o  the  o v e r a l l  missile geometry ( e .g . ,  
nose shape ,  body f i n e n e s s  ra t io ,  canard and t a i l - f i n  planforms) t o  o b t a i n  o p t i ­
mized r o l l - c o n t r o l  performance from ram-a i r - spoi le r  t a i l  f i n s  on a canard-
c o n t r o l l e d  missile c o n f i g u r a t i o n .  
CONCLUSIONS 
A pa rame t r i c  exper imenta l  wind-tunnel i n v e s t i g a t i o n  has been made a t  super­
s o n i c  Mach numbers t o  provide  des ign  data on a ram-a i r - spoi le r  r o l l - c o n t r o l  
dev ice  t h a t  i s  t o  be used on forward-cont ro l  c ruc i form missile c o n f i g u r a t i o n s .  
The r e s u l t s  of t h e  i n v e s t i g a t i o n  are as follows: 
1.  The ram-a i r - spoi le r  t a i l  f i n  is  an e f f e c t i v e  r o l l - c o n t r o l  device  and t h e  
r o l l  c o n t r o l  is  g e n e r a l l y  c o n s t a n t  w i t h  v e h i c l e  a t t i t u d e  and Mach number u n l e s s  
d i r e c t  canard and/or  forebody shock impingement occur s .  
2. The a d d i t i o n  of t h e  ram-a i r - spoi le r  t a i l  f i n s  r e s u l t e d  i n  only small 
changes i n  aerodynamic-center l o c a t i o n .  
3. For t he  ram-a i r - spoi le r  c o n f i g u r a t i o n s  tes ted,  there are large a x i a l -
f o r c e  c o e f f i c i e n t  effects a s s o c i a t e d  w i t h  t h e  i n c r e a s e d  f i n  t h i c k n e s s  and ram-
a i r  momentum loss. 
Langley Research Center  

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion  

Hampton, VA 23665 

September 26, 1978 
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TABLE I.- TAIL-FIN GEOMETRY AND TEST PARAMETERS 
A i / A  0.028 
t /c  = 0.05 
Plain f i n  with ai leron AJAi  = 0 . 5 ( ~ ,0.75, and 0.90 
A i / A  = 0.063 
t/c = 0.08 
A , / A i  = 0.50,  0 . 7 5 ,  and 0.90 & / A i  = 0.50, 0.75, and 0.90 
TABLE 11.- GEOMETRIC CONSTANTS FOR RAM-AIR-SPOILER 
TAIL-FIN CONFIGtJRATIONSa 
(a)  A i / A  = 0.028; t /c  = 0.J5 
I n l e t  diameter. cm ( i n . )  . . . . . . . . . . . . . . . . . . .  1.270 (0.500) 
I n l e t  area A i .  cm2 (i$) . . . . . . . . . . . . . . . . . .  1.265 (0.196) 
Plenum ent rance  area. cm2 ( i n 2 )  . . . . . . . . . . . . . . . . .  1.815 (0.281) 
Nozzle block . . . . . . . . . . . . . . . . . . . . . . . . .  None 
A, f o r  -
A e / A i  = 0.50 and 6~ = 900. cm2 ( i n 2 )  . . . . . . . . . .  0.632 (0.098) 
A e / A i  = 0.75 and 6 5  = 900 ,  cm2 ( i n 2 )  . . . . . . . . . .  0.942 (0.146) 
A e / A i  = 0.75 and 6j = 50°. c m 2  ( i n 2 )  . . . . . . . . . .  0.942 (0.146) 
A, / A i  = 0.90 and b j  = 90°. cm2 ( i n 2 )  . . . . . . . . . .  1.136 (0.176) 
(b) A i / A  = 0.063; t / c  0.08 
I n l e t  diameter. cm ( i n . )  . . . . . . . . . . . . . . . . . .  1.905 (0.750) 
I n l e t  area A i .  cm2 ( i n 2 )  . . . . . . . . . . . . . . . . . .  2 .852 (0.442)
Plenum ent rance  area. cm2 ( i n 2 )  . . . . . . . . . . . . . . .  3.632 (0.563) 
Nozzle block . . . . . . . . . . . . . . . . . . . . . . . . .  None 
A, f o r  -
A e / A i  = 0.50 and 6j = goo. c m 2  ( i n 2 >  . . . . . . . . . .  1.432 ( 0 . 2 2 2 )  
A e / A i  = 0.75 and 6 j  = 900. cm2 ( i n 2 )  . . . . . . . . . .  2.142 (0.332) 
A e / A i  = 0.90 and 6j = 900. cm2 ( i n 2 )  . . . . . . . . . .  2.568 (0.398) 
( c )  A i / A  = 0.111;  t / c  = 0.11 
I n l e t  diameter. c m  ( i n . )  . . . . . . . . . . . . . . . . . .  2.540 (1.000)
I n l e t  area A i .  cm2 ( i n 2 )  . . . . . . . . . . . . . . . . . .  5.065 (0.785) 
Plenum ent rance  area. cm2 ( i n 2 )  . . . . . . . . . . . . . . .  5.445 (0.844)
Nozzle block . . . . . . . . . . . . . . . . . . . . . . . . .  None 
A, f o r  -
A e / A i  = 0.50 and b j  = 900. c m 2  ( i n 2 )  . . . . . . . . . .  2.529 (0.392) 
& / A i  = 0.75 and 6 j = 900. cm2 ( i n 2 )  . . . . . . . . . .  3.794 (0.588) 
A e / A i  = 0.90 and 6 j = 900. cm2 ( i n 2 )  . . . . . . . . . .  4.555 (0.706) 
aPer f i n  . 
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4.06 (1. 60) 
1.40 (0.55)
1. 96 (0.77) 
a 
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(31.50) 6.06 (2.60) 2.46 (0.97) 
44.96 M o m e n t  c e n t e r  -1 9.14 (3.60) 2.87 (1.13)1 
(17.70)-	 11.68 (4.60) 3.20 (1.26)

14.22 (5.60) 3. 48 (1.37)

16.76 (6.60) 3.66 (1.44)

19.30 (7.60) 3. 79 11.49)
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(3.21) 
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I 911 
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(30.75)­

(a) Complete model with A i / A  = 0.111 ram-air-spoiler t a i l  f i n s .  
Figure 1 .-Model detai ls .  A l l  dimensions i n  cent imeters  ( inches)  unless otherwise ind ica ted .  
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(b) Ran-air-spoiler t a i l  f i n s .  
Figure 1 .-Continued. 
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Figure  1 .-Concluded. 
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L-77-63 58 
(a) Model w i t h  Ai/A = 0.111 ram-air-spoiler t a i l  f i n s  for A d A i  = 0.75. 
Figure 2.- Model. 
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(a) Concluded . 
F i g u r e  2.- Continued. 

L-77-6412 
(b) Model with Ai/A = 0.063 ram-air-spoiler tail fins for.  Ae/Ai = 0.50. 
Figure 2.- Continued. 
-(a) Flow-through nacelle. 

Figure 3.- Typical variation of measured C A , ~and C D , ~with angle of attack. 
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(c) P l a i n  t a i l  f i n .  
Figure 3 .-Concluded. 
CY 
(a) M = 1.60 .  
Figure 4 . - E f f e c t  of r a t i o  of:plenum e x i t  area to i n l e t  area for  r o l l  control  
on 1at.eral aerodynamic charac ter i s t i c s  of model with ram-air-spoiler t a i l  
f i n s  for  Ai /A = 0.028 a t  @ = OO.  
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(b) M = 2.16. 
Figure 4 .-Continued.  
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(c) M = 2.96. 
Figure  4 .-Continued. 
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(d)  M = 4.63. 
Figure 4 .-Concluded. 
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( a )  M = 1 .60. 
Figure 5 . - E f f e c t  of r a t i o  of plenum e x i t  area to i n l e t  area for  r o l l  control  on 
l a t e r a l  aerodynamic c h a r a c t e r i s t i c s  of model with ram-air-spoiler t a i l  f i n s  
for A i / A  = 0.028 a t  4 = 22.5O. 
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(b) M = 2 .16 .  
Figure 5 .-Continued. 
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(c) M = 2.96. 
Figure  5 .-Cont inued .  
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Figure 5.-Concluded. 
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(a) M = 1.60.  
Figure 6.- Effect of ratio of plenum exit  area to  inlet  area 
for ro l l  control on la teral  aerodynamic characteristics of 
model w i t h  ram-air-spoiler t a i l  f i n s  for A i / A  = 0.028 
a t  @ = 450. 
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F i g u r e  6.- Continued. 
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(c) M = 2.96. 
Figure 6.-Cont inued .  
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Figure 6.-Concluded. 
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C 
(a) M = 1.60. 
Fi.gure 7.- Effect of ratio of plenum exit area to inlet area for roll control 
on lateral aerodynamic characteristics of model with ram-air-spoiler tail 
fins for Ai/A = 0.063 at 0 = Oo. 
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Figure 7.- Continued. 
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(c) M = 2.96. 
F i g u r e  7 .- C o n t i m e d .  
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Figure 7.- Concluded. 
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CY 
(a) M = 1.60. 
Figure 8.- Effect of ratio of plenum exit area to inlet area for roll control 
on lateral aerodynamic characteristics of model with ram-air-spoiler tail 
fins for Ai/A = 0.063 at @ = 22.5O. 
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(c) M = 2.96. 
Figure 8.- Continued. 
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Figure 8.- Concluded. 
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CY 
(a) M = 1.60. 
Figure 9.- Effect of ratio of plenum exit area to inlet area for roll control 
on lateral aerodynamic characteristics of model with ram-air-spoiler tail 
fins for Ai/A = 0.063 at @ = 45O. 
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Figure 9.- Continued. 
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Figure  9 .- Cont.l:.nued. 
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Figure 9.- Concluded. 
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CY 
(a)  M = 1 . 6 0 .  
F i  
50 
gure 10.- E f f e c t  of r a t i o  of plenum e x i t  area to inlet area for  r o l l  control  
on l a t e r a l  aerodynamic charac ter i s t i c s  of model with ram-air-spoiler t a i l  
f i n s  f o r  A i / A  = 0.111 a t  $ = Oo. 
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(a) M = 1.60. 
Figure 11.- Effect of ratio of plenum exit area to inlet area for roll control 
on lateral aerodynamic characteristics of model with ram-air-spoiler tail 
fins for Ai/A = 0.111 at 4 = 22.5O. 
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Figure  11 .-Continued. 
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Figure 12.- Effect of ratio pf plenum exit area to inlet area for roll control 
on lateral aerodynamic characteristics of model with ram-air-spoiler tail 
fins for A ~ / A= 0.111 at @ = 450. 
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Figure  12.- Continued. 
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F i g u r e  12.- Continued. 
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Figure 1 2.-Concluded . 
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Figure 13.- Effect of four plain t a i l - f in  ailerons on l a t e r a l  aerodynamic 
character is t ics  of model a t  4 = Oo. 
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Figure 13.- Continued. 
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Figure 13.- Continued. 
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Figure 13.- Concluded. 
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Figure 14.- Effect of four plain t a i l - f in  ailerons on l a t e r a l  aerodynamic 
character is t ics  of model a t  cb = 22.5O. 
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Figure 14.- Continued. 
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(a) M = 1.60. 
Figure 15.-'Effect of four plain tail-fin ailerons on lateral aerodynamic 
characteristics of model at @ = 450. 
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Figure 15.- Continued. 
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Figure 21.- E f f e c t  of plenum j e t - e x i t  slot angle on l a t e r a l  aerodynamic 
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Figure 26.- E f f e c t  of inlet s i z e  and f i n  thickness  on longitudinal  aerodynamic 
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Figure 27.- E f f e c t  of r a t i o  of plenum e x i t  area to i n l e t  area for r o l l  Control 
on longitudinal aerodynamic characterist ics  of model wi th  ram-air-spoiler 
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on longitudinal aerodynamic character is t ics  of model with ram-air-spoiler
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